Distinct responses of soil respiration to experimental litter manipulation in temperate woodland and tropical forest by Bréchet, Laëtitia M. et al.
Open Research Online
The Open University’s repository of research publications
and other research outputs
Distinct responses of soil respiration to experimental




Bre´chet, Lae¨titia M.; Lopez-Sangil, Luis; George, Charles; Birkett, Ali J.; Baxendale, Catherine; Castro Trujillo,
Biancolini and Sayer, Emma J. (2018). Distinct responses of soil respiration to experimental litter manipulation in
temperate woodland and tropical forest. Ecology and Evolution
For guidance on citations see FAQs.
c© [not recorded]
Version: Version of Record
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1002/ece3.3945
Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.
oro.open.ac.uk
Ecology and Evolution. 2018;1–10.	 	 	 | 	1www.ecolevol.org
 
Received:	17	September	2017  |  Revised:	23	January	2018  |  Accepted:	27	January	2018
DOI:	10.1002/ece3.3945
O R I G I N A L  R E S E A R C H
Distinct responses of soil respiration to experimental litter 
manipulation in temperate woodland and tropical forest
Laëtitia M. Bréchet1,2  | Luis Lopez-Sangil2,6  | Charles George3 | Ali J. Birkett2  |  































Global	 change	 is	 affecting	 primary	 productivity	 in	 forests	worldwide,	 and	 this,	 in	
turn,	will	alter	 long-	term	carbon	 (C)	sequestration	 in	wooded	ecosystems.	On	one	







son	of	 changes	 in	 soil	C	dynamics	 in	 response	 to	 altered	plant	 inputs	 in	different	
wooded	ecosystems.	We	addressed	 this	with	a	 cross-	continental	 study	with	 litter	
removal	 and	 addition	 treatments	 in	 a	 temperate	woodland	 (Wytham	Woods)	 and	
lowland	tropical	forest	(Gigante	forest)	to	compare	the	consequences	of	 increased	
litterfall	on	soil	respiration	in	two	distinct	wooded	ecosystems.	Mean	soil	respiration	
was	 almost	 twice	 as	 high	 at	 Gigante	 (5.0	μmol	CO2 m









portional	 to	rates	of	soil	 respiration.	 Instead,	priming	effects	may	be	promoted	by	
larger	inputs	of	organic	matter	combined	with	slower	turnover	rates.
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1  | INTRODUC TION
Forest	ecosystems	play	a	crucial	role	in	the	global	carbon	(C)	cycle:	
They	 represent	 the	 largest	 terrestrial	C	stock,	because	 they	cover	
40%	of	the	total	land	surface	area	(Jobbagy	&	Jackson,	2000),	con-
tain	82%–86%	of	 the	 global	 aboveground	biomass	C	 (Dixon	et	al.,	
1994),	 and	 regulate	 a	 major	 exchange	 of	 C	 with	 the	 atmosphere	
through	 photosynthetic	 uptake	 and	 respiration	 (Malhi,	 Baldocchi,	
&	Jarvis,	1999).	Forest	soils	are	particularly	important	in	the	global	
C	 balance,	 as	much	of	 the	C	 stored	 in	 soils	 is	 thought	 to	 be	 rela-
tively	 stable	 (Schlesinger,	 1977).	As	much	 as	63%	of	 the	C	 stored	
in	 temperate	 forests	 is	 contained	 in	 soil	 organic	matter,	 and	 even	
in	 the	 tropics,	 forest	C	 storage	 is	more	or	 less	equally	partitioned	
between	 soil	 and	 aboveground	 biomass	 (Dixon	 et	al.,	 1994).	 The	
quantity	and	quality	of	plant	 inputs	to	the	soil	 (i.e.,	plant	 litter	and	
root	products)	 are	 the	key	drivers	of	organic	matter	 turnover	 and	
residence	times	as	they	influence	the	amount	and	stability	of	soil	or-
ganic	C	by	regulating	microbial	decomposition	processes	(De	Graaff,	
Classen,	Castro,	&	 Schadt,	 2010).	 In	 turn,	microbial	mineralization	
of	organic	matter	 regulates	 the	amounts	of	nutrients	available	 for	
plant	growth.	Thus,	interactions	between	plants	and	soil	organisms	
influence	 a	 large	 number	 of	 ecosystem	 processes	 and	 play	 a	 key	
role	in	C	cycling	(Van	der	Heijden,	Bardgett,	&	Van	Straalen,	2008).	
Plant–soil	 interactions	 have	 gained	 considerable	 attention	 in	 the	
past	few	years	because,	they	are	likely	to	be	influenced	by	climate	
changes	 such	 as	 rising	 temperature	 and	 altered	 precipitation	 pat-
terns	(De	Vries	et	al.,	2012;	Van	der	Putten	et	al.,	2013)	but	despite	
their	 importance	 in	ecosystem	C	dynamics,	we	still	 lack	a	detailed	
understanding	of	many	plant–soil	interactions	(Van	der	Putten	et	al.,	
2013).	 Importantly,	a	 recent	meta-	analysis	 revealed	that	 the	soil	C	
turnover	 increases	more	rapidly	 in	 response	to	additional	 litter	 in-
















this	 phenomenon	 are	 underrepresented,	 and	 the	 results	 are	 not	
always	consistent	across	sites.	Nonetheless,	priming	effects	have	




C	 inputs	 to	 the	 soil	 (Allen	 et	al.,	 2000;	 Billings,	 Lichter,	 Ziegler,	
Hungate,	 &	 Richter,	 2010;	 Hoosbeek	 &	 Scarascia-	Mugnozza,	
2009;	 and	 Trueman	 &	 Gonzalez-	Meler,	 2005).	 Litter	 manipula-
tion	experiments	 in	both	 temperate	 (Crow	et	al.,	2009;	Sulzman,	
Brant,	Bowden,	&	Lajtha,	2005)	and	tropical	forests	(Sayer,	Heard,	
Grant,	Marthews,	&	Tanner,	2011;	Sayer,	Powers,	&	Tanner,	2007)	








Comparative	 field	 experiments	 are	 key	 to	 identifying	 general	
principles	and	controls	on	soil	C	release	by	priming	across	different	
ecosystems.	Although	there	are	many	individual	studies	of	soil	res-
piration	at	different	 sites	worldwide,	 there	are	 currently	no	 large-	
scale	in	situ	studies	of	priming	effects	comparing	different	sites,	and	
even	 in	vitro	experiments	evaluating	the	 influence	of	soil	 type	are	
rare	(but	see	Rasmussen,	Southard,	&	Horwath,	2008;	Nottingham,	
Turner,	 Chamberlain,	 Stott,	 &	 Tanner,	 2012;	 Hamer	 &	Marschner,	
2005).	Consequently,	we	have	a	severely	 limited	understanding	of	
the	real-	world	relevance	of	priming	effects,	and	we	know	little	about	
how	 their	occurrence	 is	 influenced	by,	 for	example,	 seasonality	of	
litterfall,	 temperature,	and	precipitation.	We	aimed	to	address	this	
by	performing	a	cross-	continental	study	to	assess	 the	response	of	
soil	 C	 dynamics	 to	 experimental	 litter	 addition	 and	 litter	 removal	
in	 a	 temperate	woodland	 and	 a	 tropical	 forest.	We	measured	 soil	
respiration	(soil	CO2	efflux)	to	identify	general	patterns	across	two	
distinct	 forest	 ecosystems	 and	 we	 compared	 priming	 effects	 in	


















Furthermore,	 there	was	 an	 abrupt	 transition	 from	organic	 surface	
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horizons	 (L	 and	 F	 layers)	 to	 mineral	 soil,	 with	 no	 well-	developed	
humus	(H)	layer	at	either	site.






and	common	hazel	 (Corylus avellana	L.).	The	soil	 is	a	base-	rich	clay	




tion	 from	 1993–2011;	 UK	 Environmental	 Change	 Network).	 The	
study	site	has	had	no	silvicultural	management	for	at	least	40	years	
(Fenn,	Malhi,	Morecroft,	Lloyd,	&	Thomas,	2015).
The	 tropical	 site	was	 located	 on	 the	Gigante	 Peninsula	 of	 the	
Barro	 Colorado	 Nature	 Monument	 in	 Panama,	 Central	 America	
(9°06′N,	79°54′W;	henceforth	“Gigante”).	The	vegetation	is	mature	
semi-	deciduous	lowland	tropical	forest,	which	is	at	least	200	years	
old	 (Wright	 et	al.,	 2011),	 and	 trees	 with	 trunk	 diameter	 at	 breast	
height	 (DBH)	 ≥10	cm	 are	 dominated	 by	 three	 families:	 Arecaceae	






with	 only	 c.	 10%	 falling	 during	 the	dry	 season	 from	December	 to	
April	(Windsor,	1990).
Our	experimental	design	is	based	on	an	existing	long-	term	litter	
manipulation	 experiment	 at	 Gigante	 (Sayer,	 Tanner,	 &	 Cheesman,	
2006;	Sayer	et	al.,	2007),	but	to	enable	a	direct	comparison	between	
sites,	 we	 established	 15	 new	 experimental	 plots	 in	 five	 replicate	
blocks	at	each	site	 in	2013.	Each	plot	measured	25-	m	×	25-	m	and	
was	 trenched	 to	 c.	 0.5-	m	depth	 to	minimize	 the	 transfer	of	 nutri-





removal	plots	 (L−)	and	 immediately	 spread	over	 five	 litter	addition	
plots	(L+),	leaving	five	plots	as	undisturbed	controls	(CT).	To	account	
for	 differences	 in	 forest	 productivity	 and	 litterfall	 between	 study	
sites,	the	L−	and	L+	treatments	were	carried	out	monthly	at	Gigante	










lars	 in	 each	 plot.	 The	 collars	 were	 made	 of	 PVC	 tubes	 (20-	cm	
inner	diameter	and	12-	cm	height),	which	were	sunk	into	the	soil	to	
2–3	cm	depth.	The	collars	were	installed	c.	7.5	m	from	the	center	
of	 each	 side	of	 the	plots	 at	 least	 4	weeks	before	measurements	
began.





the	underlying	mineral	 soil	 and	 replaced	 it	once	 the	measurement	
was	completed.	Soil	respiration	was	measured	using	an	automated	
soil	 CO2	 flux	 system	 (Li-	8100;	 LiCor	 Biosciences,	 Lincoln,	 USA)	
consisting	 of	 an	 infrared	 gas	 analyzer	 connected	 to	 a	 20-	cm	 sur-
vey	chamber.	The	CO2	concentration	in	the	chamber	was	measured	
and	 logged	every	 second	 for	2	min	and	CO2	 efflux	was	calculated	
by	exponential	or	 linear	 regression	of	 the	CO2	 concentration	over	
time.	 During	 each	 respiration	 measurement,	 we	 took	 three	 mea-
surements	of	soil	water	content	using	a	ThetaProbe	(0–6	cm	depth;	
Delta-	T	Device,	Cambridge,	UK),	and	measured	soil	temperature	at	
0–10	cm	depth	with	 a	 temperature	probe;	 all	measurements	were	
taken	within	c.	0.5-	m	of	the	soil	collar.
2.3 | Data analysis
All	 statistical	 analyzes	 were	 conducted	 using	 SAS	 version	 9.3	 (SAS	
Institute,	USA).	Values	of	soil	respiration	that	were	exceptionally	high	
(>10	μmol	 CO2 m













Linear	 and	 nonlinear	 regression	 models	 were	 used	 to	 inves-
tigate	 the	 relationships	 between	 soil	 respiration	 and	 soil	 water	
content	 or	 soil	 temperature.	 First,	we	 determined	 the	 functions	
to	 describe	 the	 relationships	 between	 soil	 respiration	 and	 soil	
temperature	or	soil	water	content	for	each	site.	For	Wytham,	the	
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soil	 respiration	 to	 a	10°C	change	 in	 temperature	was	 then	 calcu-
lated	as:






We	 asked	 whether	 the	 response	 of	 soil	 respiration	 to	 litter	
manipulation	 treatments	 varied	 among	 sites.	 First,	 we	 assessed	
the	relationship	between	litterfall	and	soil	respiration,	taking	sea-
sonality	 and	 decomposition	 rates	 into	 account	 using	 a	 stepwise	
approach	to	identify	the	time-	lag	between	monthly	litterfall	rates	
and	 corresponding	 changes	 in	 soil	 respiration	 for	 each	 site.	We	









of	 recently-	incorporated	organic	matter	 (litter-	derived	soil	 respira-






−2	s−1,	 in	 the	 litter	 addition,	 control,	 and	 litter	 removal	
plots,	 respectively.	 Finally,	we	 examined	 the	 influence	 of	 site,	 soil	
temperature,	and	soil	water	content	on	priming	effects	using	nested	




3.1 | Site and litter manipulation effects on soil 
respiration




−2	s−1;	 Figure	1e,f),	 the	 litter	 manipulation	
treatments	 had	 a	 greater	 effect	 on	 soil	 respiration	 at	 Wytham	
(Figure	3c,d).	At	Wytham,	soil	respiration	increased	significantly	 in	
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Gigante,	there	was	no	effect	of	either	litter	manipulation	treatment	
for	 the	first	year	but	 from	2015,	mean	soil	 respiration	was	c.	10%	
higher	 in	 the	 L+	 plots	 compared	 to	 the	 controls	 (t = 3.36;	 p < .05;	
Figure	1f).	 The	 best	 model	 for	 soil	 respiration	 included	 site,	 litter	
treatment,	and	their	 interaction	(χ2	=	372.62,	p < .001	and	p < .001 
for	 litter	 treatment	and	site,	 respectively;	Table	1).	From	2015	on-
wards,	litter	addition	had	a	greater	overall	effect	on	soil	respiration	
than	litter	removal,	and	the	mean	relative	increase	in	soil	respiration	
at	Wytham	 (30%)	was	greater	 than	at	Gigante	 (10%).	By	 contrast,	
soil	 respiration	 in	 the	L−	plots	did	not	differ	 significantly	 from	the	
controls	at	either	site.
3.2 | Seasonality and links between soil 
respiration and litterfall
Soil	 respiration	 had	 a	 similar	 seasonal	 pattern	 at	 both	 sites,	 with	
low	 rates	 in	 winter	 (1.6	±	0.5	μmol	 CO2 m
−2	s−1)	 and	 in	 the	 dry	
season	 (4.5	±	1.0	μmol	 CO2 m
−2	s−1)	 and	 higher	 rates	 in	 summer	
(3.6	±	1.3	μmol	 CO2 m
−2	s−1)	 and	 in	 the	wet	 season	 (5.4	±	0.6	μmol 
CO2 m
−2	s−1)	 at	 Wytham	 and	 Gigante,	 respectively	 (Figure	1e,f).	
However,	 the	 seasonality	 of	 soil	 respiration	 was	 underpinned	 by	
distinct	 relationships	 with	 soil	 temperature	 and	 water	 content.	











significant	(F = 7.68; p < .01)	and	best	predicted	by	a	quadratic	func-
tion	(Figure	2d;	Table	S1).
The	 litter	 treatments	had	only	 a	minor	 influence	on	 soil	water	
content	and	soil	temperature,	and	the	effect	of	treatment	varied	by	
site.	At	Wytham,	mean	soil	water	content	was	5%	 lower	 in	 the	L+	










litterfall	 at	Wytham	occurred	at	 the	end	of	 the	growing	season	 in	
October	 and	November,	whereas	 at	 Gigante,	 the	 highest	 rates	 of	
litterfall	 occurred	 at	 the	 start	 of	 the	 dry	 season	 in	 January.	Over	
the	study	period,	mean	annual	litterfall	at	Wytham	(2.43	±	0.76	Mg	
C	ha−1	year−1)	was	almost	50%	lower	than	mean	annual	 litterfall	at	
Gigante	 (5.47	±	0.38	Mg	 C	 ha−1	year−1),	 litter-	derived	 respiration	
in	 the	mineral	 soil	was	 highly	 variable	 over	 the	 time	 at	 both	 sites	
(Figure	3a,b,e,f)	 and	 the	mean	 contribution	 of	 litter	 to	 annual	 soil	
respiration	was	much	lower	in	Wytham	compared	to	Gigante	(19%	
and	29%,	respectively).	Despite	the	minor	overall	contribution	of	lit-
ter	 to	annual	 total	 soil	 respiration,	 the	models	describing	seasonal	
variation	 in	 soil	 respiration	were	 improved	when	monthly	 litterfall	
was	included	with	a	time	lag	of	8	months	for	Wytham	and	4	months	
for	Gigante	(χ2	=	187.51,	p < .001	for	litter	treatment,	site,	and	time-	
lagged	 litterfall,	 respectively;	 n = 926;	 Table	1),	 demonstrating	 the	
importance	of	 litterfall	 and	decomposition	 in	 seasonal	 patterns	of	
soil	respiration.






tion	(χ2	=	75.13;	p < .001; n = 200).	At	Wytham,	85%	of	all	measure-








































inputs	 to	 soils	 enhanced	 soil	 respiration	 at	 both	 sites,	 and	 for	 the	
majority	of	measurements,	the	increase	in	soil	respiration	in	the	L+	
plots	was	greater	than	expected.	The	extra	release	of	CO2	could	not	




As	 hypothesized,	 we	 found	 consistent	 patterns	 in	 soil	 respi-








4.1 | Distinct dominant abiotic controls result in 
similar seasonal patterns of soil respiration
Both	 forest	 sites	 showed	 a	 similar	 seasonal	 pattern	 of	 soil	 respi-
ration,	with	 highest	 rates	 during	 the	 growing	 seasons	 from	April–
September	at	Wytham	and	May–October	(rainy	season)	at	Gigante,	































































































= 0.684 (0.118 )
= −0.106 + 7.216 = −3.710 + 0.619 − 0.010 2
Wytham Woods Gigante Forest














plots	with	 an	 intact	 litter	 layer,	most	 likely	 because	microbes	 and	
roots	of	bare	soils	are	more	sensitive	to	rapid	changes	in	soil	water	
conditions	under	constant	soil	temperature.




















Gigante	 (Sayer	 et	al.,	 2006),	 the	 time-	lags	 indicate	 that	 litter	 inputs	



















A	 similar	 delay	 in	 the	 effects	 of	 litter	manipulation	 treatments	 on	




















ing	 effects	 suggests	 that	more	 frequent	 extreme	events	 (i.e.,	 tree	
damage,	changes	 in	 litterfall)	expected	under	climate	change,	have	
the	potential	to	significantly	alter	soil	C	dynamics	(Sayer	et	al.,	2011).



















sent	 an	 important	 first	 step	 to	 identifying	 the	wider	 relevance	 of	
priming	effects	in	forest	ecosystems.
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6  | CONCLUSIONS
To	our	knowledge,	this	is	the	first	large-	scale	experiment	comparing	
the	effects	of	altered	aboveground	 litter	 inputs	on	soil	 respiration	
across	distinct	climatic	zones.	Our	study	demonstrates	that	although	
the	occurrence	of	priming	effects	at	our	study	sites	largely	tracked	
the	 seasonal	 dynamics	of	 litterfall	 and	 soil	 respiration,	 the	 timing,	
frequency	and	magnitude	of	soil	C	release	by	priming	were	harder	
to	predict.	 In	contrast	 to	our	original	hypothesis,	 soil	C	 release	by	
priming	was	more	consistent	and	occurred	more	 frequently	 in	 the	
temperate	woodland,	which	may	be	a	 result	of	 slower	C	 turnover.	
Our	 results	 contribute	 to	 understanding	 in	 situ	 priming	 effects	 in	
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